Masking experiments provide important information on how the auditory system processes sounds. For example, a tone is less masked by a modulated sound than by an unmodulated sound with the same long-term spectrum, indicating the ability of the auditory system to use modulation as a cue. In general, studies on this modulated-unmodulated difference (MUD) focus on the thresholds, whereas little is known about suprathreshold perception under these conditions of masking release. In the present study, loudness growth functions of a masked 1000-Hz tone are measured for two different masker types: (i) amplitude modulated broadband noise with a square-wave modulator and (ii) an unmodulated noise with the same spectral content and level. A categorical loudness scaling procedure (ISO 16832) is used to measure loudness of the masked tone over a large level range. The accuracy of the procedure is quantified by comparing the scaling results with loudness matching data for the same masker types. It is investigated (i) up to which suprathreshold level a masking release is still observed and (ii) whether the effect of the reduced masking for the modulated masker is equivalent to a condition where the unmodulated masker is reduced in level by the magnitude of the MUD.
INTRODUCTION
Environmental sounds containing well audible tonal components are commonly perceived as more annoying than sounds without such components. Thus, several standards include sections dedicated to the assessment of tonal components in sound (e.g., DIN 45681, IEC 64100-11, ANSI S1.13). This magnitude of the tonal components is either derived from a comparison of the level in a critical band with the levels in adjacent critical bands (prominence ratio, ANSI S1.13) or by identifying tonal components within a critical band and comparing their magnitude with the intensity of the noise background in this critical band (e.g., tonality, IEC 64100-11, tone-to-noise ratio, ANSI S1.13). The algorithm described in the German standard DIN 45681 for the derivation of tonalness or magnitude of tonal content (Hansen et al., 2011 ) is similar to the one used for tonality or tone-to-noise ratio. The level of the tonal components and that of the noise background are estimated within each critical band and subtracted from each other. In contrast to the other standards, the level of the tone above its masked threshold is calculated by subtracting a frequency-specific masking index from this level difference.
Within the standard, it is assumed that the masked threshold is solely determined by the noise level in the critical band centred at the frequency of the tone. However, several other stimulus parameters affect masked threshold. For example, it was found that a tone is less masked by a modulated broadband noise than by an unmodulated broadband noise with the same long-term spectrum (Hall et al., 1984 , Verhey et al., 2003 for a review). The difference in masked threshold is referred to as comodulation masking release (Hall et al., 1984, Verhey and Ernst, 2009) or modulated-unmodulated difference (MUD, Carlyon et al. 1989) . The experiment was originally sought to show the sensitivity of the auditory system to coherent modulation in different frequency regions and to the disruption of this across-frequency coherence when the signal is added (Hall et al., 1984) . However, some argue that the reduction in threshold is mainly due to temporal cues within the critical band centred at the signal frequency (Verhey et al., 1999 , Piechowiak et al., 2007 .
Whatever the underlying mechanism is, it has a large effect on the threshold: The masking release is often in the range from 10 to 20 dB. Thus the comparison of the two masker types might provide insights into the effect of threshold on perception of tonal components in noise for conditions with similar spectral characteristics. This was the aim of a recent study in which Verhey and Heise (2012) investigated the perception of the masked tone at suprathreshold levels. They measured the level at equal (partial) loudness for a tone embedded in a modulated masker (masking-release condition) and a tone masked by an unmodulated masker with the same spectrum and masker level (baseline condition). They found that comodulation masking release also affects supra-threshold perception. At levels just above threshold, the loudness of the tone was about equal at the same level re. threshold. Thus, at those levels the level difference between equally loud tones for the two masking paradigms was equal to the MUD. At higher levels of the tone, the level difference at equal loudness decreased and, at very high levels, the masker modulation does no longer affect level at equal loudness, i.e., equal loudness is obtained at the same absolute level of the tone in the two masking conditions.
The experimental paradigm used in Verhey and Heise (2012) only allowed to investigate loudness at a small set of levels above threshold and only in comparison between the two masking paradigms. In this study loudness of the masked tone is measured directly for the two masking paradigms and compared to matching data within the same set of listeners. A fast procedure in audiology to assess loudness over the whole dynamic range is categorical loudness scaling (e.g., Brand and Hohmann, 2002) , recently standardized in ISO 16832 (2006) . Here, it will be investigated if this procedure can also be used to measure (partial) loudness of a masked tone. To this end, loudness is measured for the two masking conditions of Verhey and Heise (2012) with (i) a matching procedure as in their study and (ii) a categorical loudness scaling method. In addition, categorical loudness is also measured for a tone masked by an unmodulated masker with a level reduced by the MUD. This condition was included to test the hypothesis of Verhey and Heise (2012) that the partial loudness of a masked tone in a condition of comodulation masking release is the same as the partial loudness of the tone for a masker with a level that is reduced by the masking release.
METHODS

Apparatus and Stimuli
Stimuli were generated digitally at a sampling rate of 44.1 kHz. A standard personal computer controlled stimulus generation and presentation and recorded results using a software package developed at the University of Oldenburg. Stimuli were D/A converted and amplified by a Fireface 400, and presented via Sennheiser HD 650 headphones. Listeners were seated in a sound-insulated booth and the sound was presented diotically.
The target signal was a 986-Hz pure tone. The signal duration was 600 ms including 50-ms raised-cosine ramps at signal on-and offset. The target signal was temporally centred in a masking noise. The masker duration was 700 ms also including 50-ms raised-cosine ramps at on-and offset.
The band-limited noise had a lower cut-off frequency of 250 Hz and an upper cut-off frequency of 4000 Hz. The noise was generated in the frequency domain by transforming a white noise time signal into the frequency domain via a Fast Fourier Transform (FFT) and setting all Fourier components outside the desired passband to zero. A subsequent inverse FFT on the complex buffer pair yielded the waveform of the bandpass-filtered noise .
The masker was either an unmodulated or an irregularly rectangularly modulated noise with a mean modulation frequency of 40 Hz (as used in Ernst et al., 2010, Verhey and Heise, 2012) . Examples of the masker waveforms (in grey) for the two noise types with an added signal (in black) are shown in Figure 1 .
The modulation was an unipolar square wave (0, 1), i.e., the noise was switched on and off by the modulator. The average duty cycle of the regular square wave was 50 %, i.e., for each 25-ms period, the signal was switched on for half of the time. In order to generate the irregular square waves, onset and offset times were slightly jittered. This jitter was introduced to avoid a periodicity pitch in the masker. As in Ernst et al. (2010) , the magnitude of the jitter was 10 % of a period and on-and offset times were jittered independently. This jitter introduced random fluctuations of the duty cycle in the range from 30 to 70 %. The square-wave modulator was convolved with a 5-ms raisedcosine window in order to avoid audible clicks at on-and offset. The modulated masker was generated by multiplying the modulator with the band-limited noise. For each presentation of the masker a new noise sample was used and, in the case of the modulated masker, a new modulator sample was generated. 
Procedure
The experiment was performed in two steps. In the first step, the masked threshold of the tone was measured for both masking conditions. A three-alternative, forced-choice (3-AFC) procedure with adaptive signal-level adjustment (1-up 2-down) was used to determine the thresholds (Levitt, 1971) . Intervals in a trial were separated by 500-ms silence intervals. The tonal target signal was added to one of these intervals. This signal interval was randomly selected for each trial. Listeners had to indicate which of the intervals contained the signal. Visual feedback was provided after each response. The signal level was initially adjusted in steps of 8 dB. This step size was halved after each upper reversal until a minimum step size of 1 dB was reached. The run terminated after a further 6 reversals. The average of these 6 last reversals was taken as an estimate of the threshold. The procedure was repeated three times for each condition and the average of these estimates was taken as the final estimate of the threshold.
In the second step, the perception of the masked tone at supra-threshold levels was measured using a loudness matching procedure and categorical loudness scaling. The loudness-matching procedure was essentially the same as used in Verhey and Heise (2012) . The level of the masking noise was 55 dB sound pressure level (SPL), i.e., 10 dB lower than in Verhey and Heise (2012) . The reduction in level was chosen to measure at higher levels above threshold. The tone level at equal loudness was measured using an adaptive two-alternative, forced-choice procedure. Each trial consisted of one interval with a tone embedded in an unmodulated noise and one interval with a tone embedded in a modulated noise. The order of the intervals was randomized for each trial. Only the tone level of the test interval was varied within an adaptive track which was either the level of the tone in unmodulated noise or the level of the tone in modulated noise. The level of the tone in the reference interval (i.e. the interval with the fixed-level tone) was 5, 10, 15, 20 or 25 dB above individual masked threshold for the respective masking condition. After the presentation of the two intervals of the trial, listeners were asked which of the intervals was louder. The signal level of the test interval was reduced or increased depending on the reponse of the listener with a one-up onedown rule. The step size was initially 8 dB, reduced to 4 dB after the first upper reversal and to 2 dB after the second upper reversal. The track was continued with the smallest step size for another 4 reversals. The average of these 4 last reversals was taken as an estimate of the level at equal loudness. To reduce potential bias effects, all ten adaptive tracks (5 reference levels x 2 masking conditions) were interleaved. This procedure was repeated twice and the average over the levels obtained in each run was taken as the final estimate of the level at equal magnitude. In addition to the loudness matching experiments, loudness was measured with an adaptive loudness scaling procedure as described in Brand and Hohmann (2002) . This procedure is in accordance with the standard for categorical loudness scaling ISO 16832 (2006) . Details of the procedure are described in Brand and Hohmann. Briefly the procedure consists of two phases. In the first phase, the individual dynamic range for the masked tone is determined. The levels of the following second phase are uniformly distributed over the individual dynamic range which has been estimated in the first phase. The named loudness categories in German were 'unhörbar' (inaudible), 'sehr leise' (very soft), 'leise' (soft), 'mittel' (medium), 'laut' (loud), 'sehr laut' (very loud), and 'extrem laut' (extremely loud). Additionally, four unnamed intermediate response alternatives were represented by horizontal bars between very soft and very loud, resulting in a total of 11 categories. The same eleven-category scale was used in the example of ISO 16832 (2006) . In order to avoid context effects which are due to the tendency of some listeners to rate the current stimulus relatively to the previous stimulus, the stimuli were presented in pseudo-random order where the maximum difference of subsequent presentation levels was smaller than half of the dynamic range of the sequence, in agreement with ISO 16832 (2006) .
For the derivation of the loudness functions, the categories were linearly transformed to numerical values (categorical units, CU) from 0 (inaudible) to 50 (extremely loud). A model loudness function was fitted to the individual data as described in Brand and Hohmann (2002) . The function consists of two linear parts with independent slope values. The transition region between these linear parts was smoothed using a Bezier fit. The function was fitted to the individual data using a modified least-square fit. The levels corresponding to given loudness values in CU were derived from the individual loudness functions. These levels were then sorted in ascending order for each CU value separately and the median was determined. The average loudness function for the group of subjects was then determined by fitting a loudness function to the median data, using the same fit function as for the individual data (i.e., a Bezier fit). This procedure is in agreement with the suggestion for the determination of average loudness function in section 5.1 of the ISO 16832.
Categorical loudness scaling data was obtained for three masking conditions. In addition to the two masking conditions used in the matching experiments, loudness was also measured for a tone masked by an unmodulated masker with a level that was reduced by the magnitude of the individual masking release (reduced-level condition). For each of the three masker conditions, the data were obtained separately, i.e. the tracks were not interleaved. In total, each listener did three categorical scaling experiments and two matching experiments. For half of the set of listeners the order was "matching -scaling -matching -scaling -scaling" and for the other half it was "scalingmatching -scaling -matching -scaling".
Listeners
Nine listeners (6 female, 3 male) participated in the experiments. The age ranged from 18 to 33 years. All listeners showed a normal audiogram in the relevant frequency range, i.e., threshold were 15 dB HL or lower for all audiometric frequencies between 250 and 4000 Hz.
RESULTS AND DISCUSSION
Previous data on the loudness of masked tones indicate that not only the threshold is elevated due to the presence of the masker but also that the loudness is affected at supra-threhold levels (Lochner and Burger, 1961, Gleiss and Zwicker, 1964) . The slope of the loudness function is increased at levels close to threshold whereas the loudness function is similar to the one of the unmasked tone at very high levels. The scaling data of the present study show similar trends (Figure 2) . The loudness functions of the masked signals are steeper than reported in Brand and Hohmann (2002) in normal hearing listeners and at (unmasked) narrowband signals centred at 1000 Hz. They are similar to loudness functions of hearing-impaired listeners of primarily cochlear origin shown in Figure 5 of Brand and Hohmann (2002) , confirming previous findings that, to a certain extent, the steeper loudness function and the reduced dynamic range of those hearing impaired listeners can be simulated by measuring noise-masked normal hearers (Steinberg and Gardner, 1937) . The average masked thresholds are 36 dB SPL for the baseline condition and 27 dB SPL for the masking release condition (as indicated by the star in the left panel of Figure 4 ). The loudness function of the tone in the presence of the unmodulated masker (dashed line of Figure 2 ) reaches 0 (inaudible) at a level of 31 dB SPL which is slightly lower than the measured average masked threshold for the baseline condition. The difference is presumably due differences in the experimental parameters and to a limited accuracy of the scaling procedure. When expressed relative to the masker level (i.e., level in dB SPL minus 55dB), the measured threshold of this baseline condition is about the same (-19 dB re masker level) as in Verhey and Heise (2012) . It is also similar to the predicted threshold on the basis of the masking index of the standard DIN 45681 (38 dB SPL).
The loudness functions are about the same for the baseline and the masking-release condition at above about 70 dB. However, the lower portion of the loudness function is shallower masking-release condition than for the baseline condition. This reflects the lower average measured masked threshold of 27 dB SPL in this masking-release condition. Similar to the data for the 55-dB unmodulated masker (baseline condition), the level at the loudness 0 CU is with 21 dB about 6 dB lower in level than the average threshold (27 dB SPL). The loudness function for the unmodulated masker with a lower level (55 dB -MUD) is shown with a thinner dashed line. Between the categories "soft" (10 CU) and "loud" (40 CU) the loudness functions in the masking-release condition and the reduced-level condition are very similar (difference in 3 dB or less). This result is in agreement with the hypothesis of Verhey and Heise (2012) that the loudness function for a condition of masking release is similar to a masking condition without a masking release but with a reduced masker level. Figure 3 shows the individual matching data for the nine listeners participating in the experiment. Each panel shows the level of the tone embedded in the modulated masker (masking-release condition) over the level of the tone in the presence of the unmodulated masker at the same masker level (baseline condition). Open circles indicate data points from the adaptive track where the tone masked by the unmodulated noise was varied and closed circles those where the level of the tone in baseline condition was varied. The star indicates the threshold for the two masker conditions. The data representation is essentially the same as in Verhey and Heise (2012, their Figure 2 ). For all listeners the star is below the diagonal, i.e., all listeners had a lower threshold for the modulated than for the unmodulated masker, as expected. The masking release ranges from 5 dB (listener rg) to 12 dB (listener jg1), i.e., is with 9 dB on average about 7 dB smaller than in Verhey and Heise (2012) . Only a small part of the effect may be accounted for by the smaller jitter used in the present study (10% vs. 20% in Verhey and Heise, 2002) . Verhey and Ernst (2009) found a reduction of the MUD by about 2 to 3 dB when the jitter was changed form 20 to 10%. Thus the difference is likely to be primarily due to individual differences (different set of listeners participated in the two experiments). In general, the data points for equal loudness are below the diagonal, i.e., the sound pressure level of the tone in the masking release condition is always below that of the tone in the condition with the unmodulated masker. The level at equal loudness is similar for both masking conditions at the highest level. There are individual differences in the shape of the curve of equal loudness. Some listeners show an approximately linear increase with a slope higher than one for the whole range of tone levels used (e.g., listener mm). Other listeners show a linear increase parallel to the diagonal for low levels and the highest levels used in the experiment and a steeper increase at medium levels (e.g., listener jg1). Similar individual differences have been observed in Verhey and Heise (2012) .
The average matching data are shown in Figure 4 . The left panel uses the same data representation as used in Figure 3 with levels expressed in dB SPL whereas the right panel shows the data in dB relative to the corresponding masked threshold (cf. Fig. 3 in Verhey and Heise, 2012) . As for the individual data, the data points are in general below the diagonal in the left panel, i.e., the sound pressure level of the tone masked by the modulated masker is below that of the tone in the condition with the unmodulated masker. The results show that the advantage due to the lower threshold in the presence of the modulated masker decrease with the increasing sensation level of the signal and imply that the loudness of the signal embedded in the modulated masker grows more slowly than that of the signal masked by the unodulated masker. At a sound pressure level of the tone corresponding to about 25 dB above the masked threshold of the tone masked by the unmodulated 55-dB masker, there is no longer a masking release, i.e. the same level of the tone in the two masking conditions elicit the same sensation of loudness. This is in agreement with previous studies comparing the loudness of a tone in a masking relase condition to that of a tone in a baseline condition (Townsend and Goldstein, 1972, Verhey and Heise, 2012) .
When the data are plotted relative to masked threshold (right panel of Figure 4 ) the data points are close to the diagonal at low levels above threshold whereas at higher levels the level of the tone above threshold in the modulated masking condition is higher than that of the tone in the baseline condition. For levels close to threshold, the data points are slightly below the diagonal. This nonmonotonic effect was unexpected from the previous results. It may be related to the different cues used in the two masker paradigms (cf., Verhey et al., 1999) . The dashed line in figure 4 indicates levels at equal loudness derived from the scaling data shown in Figure 2 . To a first approximation the results are similar to those of the matching experiment although some differences are apparent: The decrease of the effect of masking release is much less pronounced than in the matching data (left panel) and when plotted relative to masked threshold (right panel) the derived curve does not show the nonmonotonic behaviour which is observed in the matching data.
SUMMARY AND CONCLUSIONS
The perception of a tone embedded in a noise background does not only depend on the level difference of the tone and the portion of the noise in the critical band centered at the tone frequency, as commonly assumed in the standards. The present study focused on the effect of modulation of the noise which results in a masking release. This masking release is not only found close to threshold but is also observed at levels considerably above threshold, although the effect of masker modulation tends to decrease towards higher levels. The study showed this effect using loudness matching and categorical loudness scaling. The results of both procedures show the masking release at supra-threhold levels. However, some details of the change in perception of the tone with level may only be observed when a matching procedure is used, in which the masking-release condition is compared to a baseline condition (where the level of the tone and noise are the main factors determining threshold). The present data suggest that a detailed analysis of the stimulus characteristics is required when assessing the perception of the sound
